Cerebrovascular disease is the third leading cause of death in the industrialized world and is also a major cause of long-lasting disability. The development of gene deficient and transgenic mice has recently aided in research into and development of specific surgical procedures for brain ischemia in mice. The models of brain ischemia are divided into global ischemia and focal ischemia. Global ischemia is divided into two submodels, forebrain ischemia and total ischemia. Forebrain ischemia is widely used to analyze delayed neuronal cell death including apoptosis, while total ischemia is used to clarify the neuronal cell death by the systemic ischemia such as cardiac arrest. On the other hand, focal ischemia is used to analyze pathological stroke. Pathophysiology of brain ischemia has been clarified by the use of these models. This review outlines the pathways that lead to cell death following ischemia. Moreover, we have reviewed these currently-used mouse experimental models of global and focal ischemia.
I. Introduction
Cerebrovascular disease is the third leading cause of death in the industrialized world and a major cause of longlasting disability. The incidence of brain infarction, following a reduction of blood flow, is gradually increasing, due to relatively recent lifestyle changes, such as consumption of fatty foods, smoking, and excess stress. The reduction of cerebral blood flow (CBF), that is ischemia, is caused by the occlusion of a cerebral artery by an embolus and local thrombosis or by insufficient circulation during cardiac arrest. To further understand the induction mechanisms of neuronal cell death after brain ischemia, and to develop new therapeutic medicines and strategies, various animal models of ischemic have been developed in cats, rabbits, rats, gerbils, mice, and monkeys. Most experiments have been performed using rodents and higher species, including humans, but pragmatic reasons exist for giving preference to rodents for experimental use, such as their greater acceptance from social and ethical perspectives, lower cost and high homogeneity.
From the 1980s to 90s, three models of global ischemia and two models of focal ischemia in rodents were widely reported and are still in use today (Fig. 1) . The common carotid artery occlusion (CCAO, two vessel occlusion; 2-VO) procedure was developed in gerbils [22, 25] as a model of global ischemia because the posterior communicating arteries (PComA) of gerbil do not have or less anatomically and the animals could develop better neuronal cell death in the hippocampus by transient occlusion of common carotid arteries (CCAs) only. In contrast, the PComA in rats strictly develops anatomically. Therefore, it is suggested that the most strains of rat cannot induce the neuronal cell death in the hippocampus following CCAO. A similar model of Correspondence to: Seiji Shioda, Ph.D., Department of Anatomy, Showa University School of Medicine, 1-5-8 Hatanodai, Shinagawaku, Tokyo 142-8555, Japan. E-mail: shioda@med.showa-u.ac.jp global ischemia in rats, four-vessel occlusion (4-VO) model was then developed [45] that not only transiently occludes the CCA, but also permanently occludes the vertebrate arteries (VA), resulting in neuronal cell death in the CA1 region of the hippocampus. The neuronal cell death in the hippocampus after global ischemia shows the delayed neuronal cell death (DNCD) that simulates apoptotic neuronal cell death. Therefore, the global ischemic models are widely attractive. Another global ischemia model, cardiac arrest (CA), has been developed in rats [12, 24] that requires transient compression of the superior aortic artery thus interrupting cardiac output. Because CA interrupts blood flow not only to the forebrain region but also to the whole brain, it is seen as inducing total ischemia.
In contrast, the focal ischemic models basically interrupt only blood flow from the middle cerebral artery (MCA). The MCA and its branches supply wide regions of the telencephalon, such as the cerebral cortex, striatum and a lateral part of the hippocampus. Moreover, because the frequency of MCA occlusion (MCAO) in humans is relatively high and the seriousness of infarction after MCAO is generally severe, the model is attractive as it closely reflects the human pathology, including paralysis and subsequent neurological deficits. An MCAO model, developed by Tamura et al. in 1981 [50, 51] , involves permanently cauterizing the MCA using a bipolar coagulator following temporo-basal craniectomy. Another MCAO model, the suture model [29, 30] , occludes the origin of the MCA by introducing a round tip monofilament nylon suture into the internal carotid artery (ICA). The suture model is less invasive than the craniectomized model, and the tissue can be easily reperfused.
In addition to these animal models of ischemia, other ischemia models, such as CCAO with hypotension [3] and MCAO with CCAO [52] , have also been established that are modifications of the models described above.
These rodent animal models provided new information and hypotheses regarding the pathogenesis of neuronal cell death and led to the development of several neuroprotectants. However, from the end of the 1980s, the development of transgenic mice provided researchers with a new approach. From the middle of the 1990s, a shift to mice from other rodents occurred. Initially, it was thought that the ischemia models developed in mice were induced via similar mechanisms as those in rat. However, with increasing use of these new mouse-based ischemic models, some significant differences between mice and other rodents were noted in their vulnerability and susceptibility to neuronal cell death after ischemia. Here, we have reviewed and evaluated experimental models of ischemia induced in mice, focusing on the models that are currently in use.
II. Pathophysiology of Brain Ischemia
Brain injury following permanent and transient brain ischemia develops from a complex series of pathophysiological events that evolve with time and affect specific brain regions. The impairment of CBF to below 20 to 30% of normal levels initiates these pathophysiological events (Fig. 2) . In the acute period (varying from a few minutes to hours), the impairment of CBF restricts the delivery of energy, O 2 and glucose, and thus impairs the production of ATP required to maintain cellular ionic pumps, such as the Na + -K + channel. Disability of the Na depolarization of the plasma membrane, rapid loss of K + from neurons, massive influx of water with the influx of Na + and Cl -, and induction of cytotoxic edema. In addition, the brain ischemia causes a disruption of the blood brain barrier (BBB). Disruption of the BBB increases percolation of fluid from vessels into the brain parenchyma and results in vasogenic edema. The ensuing edema can negatively affect perfusion deficits, and also have distant effects on perfusion produced via increased intracranial pressure, vascular compression, and herniation [27] . This period also evokes glutamate release, an extracellular excitatory amino acid, which activates excitatory amino acid receptors such as N-methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA), and opens voltage-sensitive Ca 2+ channels. Therefore, intracellular Ca
increases are clearly implicated in the neurotoxic process [7, 8, 18, 44] .
After a few hours to a few days, over-stimulation of the NMDA-receptor, following Ca 2+ influx, glial cell activation causes the expression of cytotoxic pro-inflammatory cytokines, such as tumor necrosis factor a (TNFa), interleukin1b (IL-1b), and nitric oxide synthase (NOS) [6, 19, 20, 47, 48] that play a central role in this sub-acute phase. The cytokines and NOS, directly or indirectly, lead to the generation of reactive oxygen species (ROS) and the formation of excessive amounts of free radicals, including NO, superoxide anion (O 2 -), hydrogen peroxide (H 2 O 2 ) and peroxynitrite (ONOO -) [5, 34, 39] . Elevated Ca 2+ in the mitochondria uncouples oxidative phosphorylation, leading to a further decrease in energy supply and an increase in free radicals [36, 46] . These free radicals damage cellular membranes by lipid peroxidation. A second cytotoxic pathway also comes into play by the sustained activation of a large range of Ca 2+ -dependent enzymes, such as lipases, proteases, endonucleases and other catabolic enzymes [28] . These degradative enzymes collectively have detrimental consequences on cell function, membrane structure, and the cytoskeleton, and ultimately lead to neuronal cell death [37] .
Even if blood flow is restored, the addition of oxygen can actually enhance the biochemical reactions present that generate ROS. Another component that contributes to cell damage is inflammation. In the ischemic zone, endothelial adhesion receptors are upregulated and leukocytes migrate through the walls of blood vessels, invade the parenchyma and release their cytotoxic cytokines, NOS, and ROS [20, 34, 38, 39, 41, 42, 47, 54, 55] . In conclusion, ischemic brain damage is multidimensional in origin and offers a broad range of targets for neuroprotective intervention.
After a few days, cell death, including delayed neuronal cell death (DNCD), leads to ischemic penumbra which is, in part, also the product of apoptotic processes, including the caspase cascade induced by TNFa and the oxidation of mitochondria. DNA damage via endonucleases or free radicals triggers a complex self-destructive process involving a regulated pattern of gene expression [13, 31, 49] . As a consequence, neurons die apoptotically, and there is growing evidence that mitochondria are the key structures for the induction of this programmed cell death [16] . These pathophysiological evidences were determined by studies in several animal species including mice. Mice, especially transgenic and gene deficient mice, provided precise evidence for clarifying the mechanism of neuronal cell death during ischemia. NOS gene deficient mice have determined the role of each subtype in NOS [19, 20] . Manganese superoxide dismutase mutant mice clarified the importance of eliminating ROS during ischemia [15] . Conversely, the ischemic studies of transgenic and gene deficient mice also produced unexpected results. While TNF-a, which is an inflammatory cytokine, had been believed to be a cytotoxic cytokine, type I TNF receptor gene-deficient mouse deteriorated the infarct volume compared to the wild type after ischemia. Therefore, the critical role of TNF-a and its signaling receptor during ischemia is controversial [4, 48] .
III. Forebrain Ischemia
At the end of the 1990s, the transient common carotid artery occlusion (tCCAO) model of forebrain ischemia in mice was described [26, 53] . The patency of the PComA has long been regarded as a critical factor in the development of forebrain ischemia after tCCAO in gerbils [2, 22] . In mice, strain differences have been observed regarding the patency of the PComA at the circle of Willis [1] , with the C57BL/6 strain being shown to be most susceptible to cerebral ischemia following tCCAO. Figure 3 shows the images of cerebral circulation in mice subjected to CCAO, as demonstrated by the intravenous injection of carbon black and detection of CBF images with a laser Doppler flow analyzer. After CCAO, the perfusion of carbon black was clearly decreased in the cortical region but not in the cerebellum region. The CBF images were also supported by the results of injection of carbon black in circulation during ischemia. The carbon black was not detected in the cortical region during ischemia but detected in the cerebellum. The regional CBF (rCBF) in the cerebral cortex clearly decreased to 25 to 30% of control levels, while that in the cerebellum after ischemia decreased only to 60 to 70% of control levels. After reperfusion following 15 min of CCAO, the rCBF in the cerebral cortex gradually recovered to the control level within 10 min.
As shown in Fig. 3D , histological assessments of neuronal cell death in the CA1 region of hippocampus following tCCAO were performed using toluidine blue and terminal deoxynucleotidyl transferase-mediated dUTP endlabeling (TUNEL) in our study [33] . Toluidine blue illustrates morphologically intact cells, displaying a large round nucleus and a clear nucleolus, while the TUNEL stain is used to detect apoptotic-like, damaged cells.
More recently, we reported a tCCAO model available for use in infant mice at 5 to 13 postnatal days [40] , and observed fine neuronal cell death in the CA1 region of hippocampus. Using hippocampal slices prepared without fixation of the tissues, we observed the uptake of calcein, a calcium indicator, and propidium iodide, a DNA staining dye, into the neuronal cells. The fluorescence intensity of calcein was diminished, while that of propidium iodide increased in time-dependent manner after ischemia. The results are suggesting the hippocampal slice in postnatal mice subjected to global ischemia can apply it to the research for ex vivo. This ischemic model of infant mice might be a good tool to analyze the process by which the neuron dies.
IV. Total Ischemia
The CA total ischemia model in mice has been extensively used and developed by our group [13, 34] as a superior pathophysiological model mimicking human cardiac arrest and cardiac infarction. We carry out compression for 5 min by inserting the shaped device shown in Fig. 4 into the chest cavity, and carefully lifting the superior aortic artery, allowing the artery then to be compressed manually. As such, the interruption in cardiac output induces systemic ischemia, including total brain ischemia. Five minutes after ischemia induction, the animal is resuscitated by heart massage and ventilated with 100% O2. This CA is associated with an immediate drop in blood pressure to levels close to zero. With heart massage, the blood pressure rises promptly, and reaches a peak in 5 min; this is also associated with an increase in pulse pressure. Approximately 10 min after CA, blood pressure returns to normal levels. Spontaneous respiration returns usually during the rise in blood pressure. After reperfusion, PaO 2 and PaCO 2 remain almost within normal range, while blood pH still shows marked acidity. However, as this model impairs the systemic blood flow, it might also be appropriate to determine its hypoxygenic effects on other organs and tissues, such as the liver, kidney and spinal cord. This CA also induces neuronal cell death in the CA1 region of hippocampus similar to that induced by global ischemia. Apoptotic-like DNCD, demonstrated by chromatin condensation and shrinkage of nuclei, was observed in the CA1 region of the hippocampus 2 days after ischemia [34] .
V. Focal Ischemia
The focal ischemia model, i.e. the MCAO model, in mice was first reported by Huang et al. in 1994 as the suture model [19] . The duration of ischemia used was usually 2 hr to mimic the period of ischemia previously performed in rats. However, we found that long periods of transient ischemia, such as 2 hr, resulted in higher mortality in mice and did not produce a larger infarction when compared to that following 1 hr of ischemia. An important factor influencing the suture model of MCAO is the normalizing of the relation between body weight and suture size. The importance of this Representative images of neuronal cell death in the hippocampal CA1 region (a) after tCCAO [33] . The images show the square area indicated in (a). The neuron shows the round nucleus and nucleolus at pre-ischemia by staining toluidine blue (b) and is not stained with the apoptotic marker, via the TUNEL-reaction (d). Two days after tCCAO, the neuron in the CA1 region of hippocampus disappears and shrinks (c), and is stained with TUNEL (e).
relation has been characterized in detail. In previous studies, the suture used was between 5-0 and 8-0 and the edge of the suture treated in different ways, such as coating with glue or with poly-L-lysine and heating [9, 17] . We usually use size 7-0 monofilament suture, which is then processed to the round form by heating without coating, when performing transient MCAO [39] . When permanent ischemia is performed, however, we coat the suture with poly-L-lysine. The MCAO model of ischemia is shown in Fig. 5A and tetrazolium staining used to illustrate the infarct volume is shown in Fig. 5B . The infarct area 6 hr after 1 hr tMCAO was faint, but became more prominent at 12 hr after tMCAO. Figure  5C shows the infarct volume 48 hr after ischemia, stained with toluidine blue. Nuclei in the infarct area are not clearly evident in either the neocortex or striatum. In contrast, there are no reports of use of the craniectomized model in mice, as the operation is considered technically difficult, requiring intricate surgical techniques. Moreover, the stress caused by such surgical procedures is far greater in mice because it is more invasive. However, if the surgical difficulties could be overcome, this model might have some advantages over the suture model, as it is well documented that the resultant infarct area and size after ischemia are more reliable and consistent than those observed in the rat model.
VI. Conclusion
For the last decade, several models of ischemia have been developed using several transgenic and gene deficient mice aimed to examine the functional roles of the many factors involved in ischemic neuronal cell death [19, 32, 34, 35, 39, 43] . Unfortunately, because the infarction and neuronal cell death after cerebral ischemia in humans is so pathologically heterogeneous, the limited and somewhat inappropriate animal models have not been able to assist in the development of new medicines [10, 11, 14, 44] . There might have been a problem also in the way of evaluation. Many studies have simply compared the events of neuronal cell death, including infarct size, or the changes to substances such as proteins, peptides, radicals, lipid metabolites, certain chemicals and ions in homogenate brain samples and Five minutes after ischemia, the animal is resuscitated by heart massage and 100% O2. B) The time course of the physiological parameters is demonstrated by the complete loss of regional CBF (upper panel) and blood pressure (middle panel) during the ischemia and recovery after resuscitation. During CA, the animal shows neurological changes, such as ataxic respiration (AR), urinary incontinence (UI) and pupil dilatation; CA is observed approximately 3 min after ischemia [13] .
homogenous neuronal culture systems, without consideration of cell-to-cell interactions in the ischemic processes. Moreover, many researchers have focused only on the effects on neurons, although the central nervous system also contains diverse structures such as glias and vessels. Recently, using two-photon confocal laser-scanning microscopy techniques, Kasischke et al. [23] reported the relationship between neurons and astrocytes of a lactate shuttle during glutamate-induced excite toxicity. The study clearly determined that lactate, released during anaerobic metabolism in glias, like that similarly released during ischemia, plays a central role in neuron deterioration. This clearly demonstrated the need for further development of ischemic studies, and the necessity of detailed histological evidence for understanding the precise mechanisms of neuronal cell death.
In conclusion, we believe the complicated cellular relationships, including cell-to-cell interactions, must be considered to better appreciate the events of ischemic neuronal cell death.
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